The effects of sea-surface temperature (SST) on snowfall in Japan were investigated using a high-resolution 60-km-mesh atmospheric general circulation model (AGCM). We used a high-resolution SST dataset (original resolution, ~20 km); the high-resolution SST data resolve warm boundary currents, such as those of the Kuroshio and Tsushima warm currents. The AGCM experiment using high-resolution SST data simulates snowfall increase (decrease) over warm (cold) SST regions in January better than the AGCM based on coarse-resolution SST data. A moisture budget analysis shows significant rainfall increase over a warm-SST band along the boundary current, where large evaporative fluxes supply moisture to the atmosphere. On the other hand, the moisture convergence anomaly is generally opposite to that of the evaporative flux anomaly, and hence acts to reduce rainfall. The surface moisture flux change is generally similar to the dynamical term, while the thermodynamic term also plays a non-negligible role. A comparison of satellite observations and AGCM experimental results shows that fine-scale SST variations affect surface wind patterns. Furthermore, we diagnosed surface convergence anomaly using two terms: one that describes the vertical mixing effect and the other that describes the pressure adjustment effect. This analysis shows that both vertical mixing mechanisms and pressure adjustment may contribute to surface convergence anomaly over the Japan Sea.
Introduction
As a component of the Asian winter monsoon, land-sea pressure contrasts between the Siberian High and the Aleutian Low bring northwesterly monsoon winds over the northwestern Pacific. In the area of Japan, northwesterly winds cause the advection of cold air from the Eurasian continent, while underlying ocean waters supply anomalous moisture and latent heat. Because of the rich moisture supply and the northwesterly monsoon, the northwestern region of Japan is known as the heaviest snowfall region in the world.
High-resolution observations and numerical simulations have enabled new perspectives of air-sea interactions since the 1990s. For basin-scale studies, western warm boundary currents, such as the Kuroshio Current and the Gulf Stream, play important roles in determining surface wind patterns (e.g. Nonaka and Xie 2003) , storm track activity (e.g. Nakamura et al. 2004; Hayasaki et al. 2013) , and climatological precipitation (e.g. Minobe et al. 2010) . More recently, fine-scale variations in the sea-surface temperature (SST) structure over the Japan Sea have been shown to influence snowfall over Japan. In the Japan Sea, the Tsushima Warm Current (TWC) is an eastern boundary current and forms a narrow band of warm SST along the western coast of Japan (e.g. Hase et al. 1999) . Using a high-resolution SST dataset, Yamamoto et al. (2011) investigated the effects of fine-scale variations in SST structure on winter snowfall around Japan using a cloud-resolving regional atmospheric model. The analysis showed that fine-scale SST patterns can influence snowfall amounts through air mass modifications, such as moisture supply and vertical mixing.
However, previous studies on the effects of fine-scale SST patterns on the Asian winter monsoon are restricted both spatially and temporally. The spatial scales of previous studies are restricted by regional downscaling, and are hence sensitive to boundary conditions, and temporal scales are limited to time-slice experiments using regional models. These limitations prevent a thorough investigation of the relationship between global SST patterns and atmospheric teleconnections. In the present study, the effects of high-resolution SST patterns on snowfall in Japan are investigated using a 60-km-mesh atmospheric general circulation model (AGCM) with a merged Advanced Microwave Scanning Radiometer (AMSR), Advanced Very High Resolution Radiometer (AVHRR), and Optimum Interpolated SST (OISST) dataset (AMSR-AVHRR-OISST; Reynolds et al. 2007 ) that resolves warm boundary currents, such as the Kuroshio and Tsushima warm currents. A long-term hindcast simulation (1986−2004) enabled us to analyze the effects of SST on both mean climatology and year-to-year variations. However, we focus mainly on seasonal winter climatology, as year-to-year variations are beyond the scope of this study.
Data and models
The MRI-AGCM3.2H product (Mizuta et al. 2012 ) with a 60-km horizontal resolution and 64 vertical levels (TL319L64) was used as the AGCM. This product, in which an especially deep convective scheme was changed from a relaxed ArakawaSchubert scheme to a Tiedtke-like scheme, is an improved version of MRI-AGCM3.1. Using the 20-km resolution AGCM (MRI-AGCM3.2S), Murakami et al. (2012) reported that the simulated intensity of global tropical cyclones was significantly improved, as compared with results of the previous version (MRI-AGCM3.1S). In this study, the high-resolution (resolution, ~20 km) AMSR-AVHRR-OISST product was used for the SST boundary condition; the product is provided at a daily 20-km (0.25°) resolution. To nudge the AGCM boundary condition, the SST data were processed to obtain a monthly 60-km resolution, as even at a 60-km resolution, fine-scale SST structures such as mid-latitude oceanic fronts and coastal warm-SST bands are well captured. For comparison, a smoothed SST case (of ~200-km resolution, in which fine-scale SST structures were efficiently smoothed) was also executed (see Supplement Fig. S1 ). Here, we refer to the 60-km resolution SST case as the "fine-SST run", while the 200-km resolution SST case is referred to as the "smooth-SST run". Both runs were integrated from January 1986 to December 2004. Three-member ensemble simulations were performed from different initial conditions in the fine-SST run and two such simulations were performed in the smooth-SST run. Figure 1 shows January snowfall climatology around Japan as simulated by the fine-SST and smooth-SST runs, and shows the difference between the runs. Both runs show heavy snowfall over northwestern Japan, a region where northwesterly monsoon winds intersect the steep and narrow mountains. Warm SSTs in the Japan Sea supply humidity, and upward winds forced by the mountains bring heavy snowfall. Figure 1d shows the SST difference between the fine-SST and smooth-SST runs. Regions
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Japan. In contrast, moisture convergences tend to offset and diminish evaporation effects. It should be noted that the effects of precipitation minus evaporation (P -E) are mostly similar to those of the moisture convergence (Fig. 2d) .
In the moisture budget analysis, the moisture convergence anomaly (-Ñ • (qu)′) can be decomposed into a thermodynamical term (due to humidity changes: -Ñ • (q′u)) and a dynamical term (due to circulation changes: -Ñ • (qu′)). Figure 3 shows the horizontal moisture flux and its convergence at the surface. As compared with the pattern in Fig. 2a , the relationship between SSTs and the moisture flux convergence at the surface (Fig. 3a) seems more complicated. A significant increase in the moisture flux is observed in warm-SST regions around Hokkaido (44°N, 141°E), while a large decrease in the moisture flux along the zero contour of the SST anomaly (associated with a large SST gradient) occurs near 40°N. Different patterns of surface and vertically integrated moisture convergence anomaly imply a baroclinic (vertically tilted) structure. Over the Japan Sea, the dynamical term is dominant, although the thermodynamical term is also non-negligible (the standard deviation of the dynamical term is ~73% of the total, and that of the thermodynamical term is ~45% of the total). In regions of surface moisture convergence anomaly (Fig. 3a) , the downstream (eastward) shift of the vertically integrated convergence anomaly (Fig. 2a) may give a hint of the difference (this is discussed below, in reference to Figs. 5 and 6).
The importance of the dynamical term (as observed in Fig. 3 ) also implies that SSTs affect atmospheric circulation. Figure 4 shows simulated surface wind speeds in the fine-SST and smooth-SST runs, as well as the difference between the two runs (Fig. 4c) . Wind speeds increase over warm-SST bands, such as the Kuroshio Current and the TWC. Unstable atmospheric conditions over warm-SST regions cause stronger winds through vertical mixing (e.g. Chelton et al. 2001) . In contrast, atmospheric conditions over cold-SST regions (e.g. the western Japan Sea, the East China Sea, and Oyashio) are stable, and hence vertical mixing is weak. On the other hand, SST differences affect not only surface winds but also surface wind convergence, and such dynamical convergences may affect the free troposphere through latent heat release (Minobe et al. 2010 ). Observed and simulated surface wind convergences of snowfall increase (decrease) are related to warmer (colder) SST differences. For example, a significant snowfall increase occurs along the TWC on the western coast of Japan, while snowfall decrease appears over the western Japan Sea where SST differences are strongly negative. In both runs, standard deviations are large along the western coast of Japan (figure not shown). Internal atmospheric variability may cause the weak significance over the southern part of TWC. Figure 1c shows anticyclonic circulation anomaly in the area of 40°N, 135°E, where snowfall is decreased. The anticyclonic response is probably the result of a precipitation increase and convergence over a warm-SST region in the smooth-SST run. The dynamical linkage is mentioned later. For a comparison of model performances during the Asian winter monsoon, the 850-hPa geopotential height using JRA-55 reanalysis data and each AGCM run are shown in Fig. S2 . The fine-SST run captures a more realistic geopotential height of the Aleutian Low than does the smooth-SST run. Westerly winds over the northern Japan Sea associated with planetary circulation changes may contribute to the snowfall difference in the two runs.
We performed a moisture budget analysis to investigate SST-related snowfall variations. Figure 2 shows the differences in individual moisture budget terms (e.g., moisture convergence, evaporation, and precipitation) between the fine-SST and smooth-SST runs. The precipitation term exhibits patterns similar to the snowfall change over the Japan Sea (Fig. 1c) . A significant precipitation signal over southern Japan is due to a rainfall increase over the warm-SST band along the Kuroshio Current (Fig. 2c) . Generally, the precipitation increase is significant over warm currents, such as the Kuroshio Current and the TWC. The spatial distribution of evaporation increase, which is similar to that of precipitation increase (Fig. 2b) , seems somewhat enhanced compared with precipitation. The SST difference (Fig. 1d ) strongly anchors the evaporation change. On the other hand, moisture convergence anomaly has a negative impact on the precipitation change (Fig. 2a) . For example, a significant moisture convergence decrease appears over warm-SST bands, such as those of the Kuroshio Current and the TWC. Therefore, the moisture budget analysis shows that evaporation along warm-SST bands is the dominant factor influencing snowfall increases over northwestern ). Only regions with a confidence limit of 90% are hatched.
are plotted on Fig. 4 . Divergence occurs near 40°N, 135°E, while convergence occurs over the southern Japan Sea (near 37°N, 133°E). The AGCM simulation (Fig. 4a, b, c ) also shows the SST contribution to the divergence near 40°N, although QuikSCAT includes both the SST-induced effect and the strong topographyinduced gap-wind effect (e.g. Xie et al. 2007) .
Two possible mechanisms have been proposed for the surface wind convergence: the vertical mixing effect and the pressure adjustment effect (Minobe et al. 2008; Takatama et al. 2012) . The vertical mixing effect is proportional to the downwind SST gradient, and the pressure adjustment effect is proportional to the Laplacian of the sea-level pressure (SLP). The downward SST gradient (-uÑT S ) and the SLP Laplacian (ΔP S ) anomalies are super posed in Fig. 4 . The spatial pattern of the SLP Laplacian anomaly (Fig. 4e) is similar to that of the surface wind convergence anomaly (Fig. 4c) . The downward SST gradient (Fig. 4f) is large along sharp SST fronts, and differs from the spatial pattern of both the surface wind convergence (Fig. 4c ) and the SLP Laplacian (Fig. 4e) anomalies. We also calculated spatial pattern correlations between these two terms and surface wind convergence anomaly over the Japan Sea (35°N−50°N, 127°E−142°E) . For SLP Laplacian, high correlation coefficient (R = 0.83) implies the importance of pressure adjustment over the basin scale. On the other hand, for downward SST gradient, low correlation (R = 0.22) implies that vertical mixing mechanism does not work everywhere. However downward SST gradient is large around 40°N (Fig. 4f) . These results imply that the pressure adjustment mechanism captures the spatial pattern of the surface wind convergence anomaly over the Japan Sea, but large vertical mixing may also play a non-negligible role, especially along the sharp SST front at 40°N.
Finally, to investigate different patterns in the vertically integrated (Fig. 2a) and surface (Fig. 3a) moisture convergence anomalies, we examined longitude-height sections of horizontal momentum and moisture convergence anomalies along 40°N and 44°N (Fig. 5) . At 44°N, a moisture convergence maximum tilts eastward at higher altitudes (Fig. 5c) , which may explain the eastward shift in the vertically integrated convergence anomaly (located at 140°E), as compared with the surface convergence anomaly (located at 136°E). A similar, although less clear, tendency is observed at 40°N (Fig. 5f ). The momentum convergence anomaly (Figs. 5a, d ) corresponds well with the strong surface divergence anomaly (Fig. 4c) , and is associated with the vertical velocity anomaly below 600 hPa (Figs. 5b, e) . Figure S3 shows vertical cross-sections of vertical velocity for both runs. At 44°N, a large response corresponding to the TWC represents the influence of warm SSTs. On the other hand, the response at 40°N may be partly caused by the SST gradient (Figs. 4f and S1a). Furthermore, we decomposed moisture flux anomaly into thermodyamical and dynamical terms in each vertical levels. Calculated vertical integrated moisture flux anomaly (Fig. 6a) is generally similar to Fig. 2a . In dynamical term, divergence anomaly moves eastward with upper level. For example, anticyclonic anomaly and divergence at 1000 hPa appear around 40°N138°E (Fig. 6f) while such divergence anomaly moves to 39°N140°E at 850 hPa with weaker magnitude (Fig. 6l) . In thermodynamical term, in contrast, divergence anomaly stays around 40°N138°E at each levels (Figs.  6h, k) . The combination of dynamical and thermodynamical terms seems to contribute the vertical integrated moisture flux anomaly (Figs. 6a, b, c) . However, it should be noted that the results in Figs. 5 and 6 are based on spatially smoothed outputs (1.25° horizontally and 24 pressure levels vertically, especially only three levels below 850 hPa), and therefore fine-scale signals (such as those of the SST front and coastal winds) may not be captured. ). Only regions with a confidence limit of 90% are hatched. 
Discussion and summary
In this study, the influence of SSTs on simulated snowfall in Japan were investigated using a high-resolution (60-km) AGCM.
As a boundary condition, we used the AMSR-AVHRR-OISST product (resolution, ~20 km), which resolves warm boundary currents such as the Kuroshio Current and the TWC. Climatologically, the AGCM run with high-resolution SST data simulates snowfall increase (decrease) over warm (cold) SST regions in January. The moisture budget analysis shows significant precipitation anomaly over warm-SST bands along boundary currents, where large evaporative fluxes supply moisture to the atmosphere. On the other hand, the moisture convergence term is generally opposite to that of evaporation, and hence acts to reduce precipitation. Such changes in the moisture convergence are due mainly to dynamical effects. For the surface wind convergence anomaly, the pressure adjustment mechanism accounts for the spatial pattern of the surface convergence over the Japan Sea, but vertical mixing may also play a non-negligible role, especially over the SST front near 40°N.
More recently, Sugimoto and Hirose (2014) investigated the interannual variability of the latent heat flux over the eastern Japan Sea in December using the Objective Analyzed air-sea Flux (OAFlux). They decomposed the heat flux into atmospheric and oceanic components using a bulk formula, and showed the importance of the oceanic component. They also found that SSTs over the eastern Japan Sea are well correlated with transport by the TWC. Using a regional climate model, Sato and Sugimoto (2013) also suggested the importance of interannual SST variability over the Japan Sea for precipitation in northern Japan through moisture supply effects; our study generally agrees with these results. Further investigation using high-resolution observations and models will shed new light on the regional climate around Japan and its interactions with global circulation.
Some recent studies have pointed out the importance of submonthly variability on the winter Asian monsoon. Yamashita et al. (2012) investigated the relationship between snowfall variation and explosive cyclone activity, and pointed out that heavy (light) snowfall years tend to be associated with confined (diffuse) explosive cyclone tracks over the Japan Sea and the western Pacific. High-resolution coupled GCMs (CGCMs) are a useful tool for examining air-sea interactions between synoptic disturbances and oceanic SST fronts (Nakamura et al. 2004 ). Based on a high-resolution CGCM, Hayasaki et al. (2013) reported that the large Kuroshio meander possibly causes changes in cyclone tracks and a decrease in the latent heat release. On the other hand, the resolution of the 60-km AGCM may not be sufficient to assess meso-scale disturbances such as polar lows (Yanase and Niino 2007) , and hence may underestimate sub-monthly variability. Furthermore, the quality of SST data must be carefully evaluated. For example, in the AMSR-AVHRR-OISST product, the AMSR data after June 2002 captures sharp SST fronts more adequately. Climatological conditions in the area of study were similar during 1986−2004 and 1986−2002 , but changes in the quality of SST data may affect daily snapshots or interannual variability. Further studies of sub-monthly variability (e.g. reproducibility, scale interaction, air-sea coupling) are also needed.
